The synaptic connections between the sensory neurons of Aplysia and their follower neurons have been used as a model system for examining the cellular mechanisms contributing to neuronal and synaptic plasticity. Recent studies suggest that at least two protein kinases, protein kinase A (PKA) and protein kinase C (PKC), contribute to serotonin (5-HT)-induced shortterm facilitation. The interaction between these two kinase cascades has not been examined, however. Using electrophysiological and biochemical approaches, we examined possible interactions between PKA and PKC cascades. The results indicated that prolonged activation of PKC by preincubation with phorbol esters attenuated PKA-mediated actions of 5-HT, including increases in sensory neuron excitability and spike broadening in the presence of tetraethylammonium (TEA) and nifedipine. Although phorbol esters also attenuated increases in excitability by an analog of cAMP and small cardioactive peptide B (SCP B ), the degree of attenuation was smaller. In addition, phorbol esters did not attenuate broadening of TEA spikes by the cAMP analog and SCP B . Thus, phorbol esters appeared specifically to attenuate aspects of the 5-HT activation of the cAMP/PKA cascade. Measurements of cAMP levels with radioimmunoassays revealed that phorbol esters did not attenuate 5-HT-induced cAMP synthesis, however. Finally, the results indicated that phorbol esters themselves induced a small but significant increase in excitability as well as an increase in the level of cAMP. Our results suggest that there is crosstalk between the PKC and PKA cascades. The mechanisms by which phorbol esters specifically attenuate 5-HT-induced activation of the cAMP/PKA cascade are not known, however.
The synaptic connections between the sensory neurons of Aplysia and their follower neurons have been used as a model system for examining the cellular mechanisms contributing to neuronal and synaptic plasticity. Recent studies suggest that at least two protein kinases, protein kinase A (PKA) and protein kinase C (PKC), contribute to serotonin (5-HT)-induced shortterm facilitation. The interaction between these two kinase cascades has not been examined, however. Using electrophysiological and biochemical approaches, we examined possible interactions between PKA and PKC cascades. The results indicated that prolonged activation of PKC by preincubation with phorbol esters attenuated PKA-mediated actions of 5-HT, including increases in sensory neuron excitability and spike broadening in the presence of tetraethylammonium (TEA) and nifedipine. Although phorbol esters also attenuated increases in excitability by an analog of cAMP and small cardioactive peptide B (SCP B ), the degree of attenuation was smaller. In addition, phorbol esters did not attenuate broadening of TEA spikes by the cAMP analog and SCP B . Thus, phorbol esters appeared specifically to attenuate aspects of the 5-HT activation of the cAMP/PKA cascade. Measurements of cAMP levels with radioimmunoassays revealed that phorbol esters did not attenuate 5-HT-induced cAMP synthesis, however. Finally, the results indicated that phorbol esters themselves induced a small but significant increase in excitability as well as an increase in the level of cAMP. Our results suggest that there is crosstalk between the PKC and PKA cascades. The mechanisms by which phorbol esters specifically attenuate 5-HT-induced activation of the cAMP/PKA cascade are not known, however.
Key words: Aplysia californica; protein kinase A; protein kinase C; cyclic AMP; crosstalk; synaptic facilitation; modulation; serotonin; sensory neurons; learning and memory Serotonergic modulation of sensory neurons in Apl ysia has been used extensively as a model system with which to study neuronal plasticity C arew and Sahley, 1986; Byrne, 1987; Hawkins et al., 1993; Byrne and Kandel, 1996) . At least two protein kinases, protein kinase A (PK A) and protein kinase C (PKC), mediate the serotonin (5-HT)-induced shortterm facilitation, and the actions of these two kinase cascades are time-and state-dependent (Byrne and Kandel, 1996) . Possible interactions or crosstalk between these two kinase cascades has not been examined, however. Several lines of evidence suggest that some crosstalk may occur. First, Wu et al. (1994) found that H-7, a selective inhibitor of PKC in sensory neurons of Aplysia, blocked 5-HT-induced long-term facilitation, which is believed to be mediated primarily by the PK A cascade (Schacher et al., 1988 (Schacher et al., , 1993 Dash et al., 1990; Nazif et al., 1991; Ghirardi et al., 1995; O'Leary et al., 1995) . Second, an interaction between the PK A and PKC cascades in the sensory neurons of Apl ysia was suggested by Sugita et al. (1992) . They found that activators of PKC caused an increase in excitability, a well known cAM P-dependent effect (K lein et al., 1986; Baxter and Byrne, 1989) . Furthermore, the addition of 5-HT to the bath that already contained the PKC activator did not increase excitability as much as the application of 5-HT alone. Similar interactions were observed in spike broadening and synaptic facilitation (Sugita et al., 1992 (Sugita et al., , 1997 , leading to the hypothesis that activation of PKC may modulate, or interact with, the cAMP/PKA cascade.
In other cellular systems crosstalk between PKA and PKC cascades has been suggested. One locus of interaction is the G-protein (G s )-sensitive adenylyl cyclase. PKC increases the activity of adenylyl cyclases and the level of cAM P in intact cells and cell-free systems (Pieroni et al., 1993; Cooper et al., 1995) . PKC also is known to phosphorylate various types of the receptors for ligands (Huganir and Greengard, 1990) . Phosphorylation of the receptors normally results in their desensitization and an inhibition of the ligand-induced increases in intracellular messengers, including cAMP.
Using electrophysiological and biochemical approaches, we examined the interaction between the two cascades (PKA and PKC pathways), in particular the effects of PKC on the cAMP/PKA pathway. Results are presented from three complementary measurements of cAMP and its actions in sensory neurons, including (1) measurements of increased excitability, (2) measurements of spike broadening in the presence of tetraethylammonium (TEA) and nifedipine, and (3) measurements of the intracellular levels of cAMP. In addition, we compared results among several different pharmacological manipulations [e.g., application of cAMP analog, 5-HT, or small cardioactive peptide B (SCP B )] that can increase cAMP levels. The results indicated that activation of PKC by phorbol esters specifically attenuated aspects of the 5-HT activation of the cAMP/PKA cascade, although phorbol esters did not attenuate 5-HT-induced cAMP synthesis. In addition, phorbol esters themselves induced a small but significant increase in excitability as well as an increase in the level of cAMP. Our results suggest that there is crosstalk between PKC and PKA cascades.
MATERIALS AND METHODS
Chemicals. Serotonin creatine sulfate (5-HT; Sigma, St. L ouis, MO), 8-bromo-cAM P (Sigma), and TEA (Kodak, Rochester, N Y) were dissolved in artificial seawater (ASW; Instant Ocean) and prepared daily. Stock solutions of nifedipine (20 mM; Sigma) were dissolved in DMSO (Sigma) and prepared daily. Stock solutions of SC P B (10 mM in distilled water; Peninsula, Belmont, CA) were stored at Ϫ20°C. T wo types of phorbol esters, 4␤-phorbol 12,13-diacetate (PDAc; Sigma) and 4␤-12-deoxyphorbol 13-isobutyrate (DPB; LC Laboratories, Woburn, M A) were used to activate PKC. Inactive 4␣-phorbols (Sigma) also were used as control. Stock solutions of all phorbols (10 mM in DMSO) were stored at Ϫ20°C. Small aliquots of concentrated agents were applied directly to the recording chamber.
Measurements of e xcitabilit y. The techniques were essentially identical to those used in Sugita et al. (1992) . C lusters of sensory neuron somata were isolated surgically from pleural ganglia and were pinned to the floor of a recording chamber that contained buffered ASW, pH 7.6. The preparations were maintained at 15 Ϯ 1°C. Intracellular recordings were made by using conventional two-electrode current-clamp techniques, and recordings were made from only a single neuron per cluster. The excitability of a cell was measured by counting the number of action potentials elicited by a 1 sec, 2 nA depolarizing current pulse. The excitability was measured every 3 min, and the baseline was defined as the average number of spikes elicited during the first three excitability measurements (e.g., see Fig. 3 ). Only those cells for which the baseline excitability was between two and eight spikes were accepted for f urther study. In control solutions (i.e., ASW), the average baseline excitability of most sensory neurons fell within this range. As described below, pretreatment with PDAc occasionally increased the baseline excitability of some cells to more than eight spikes. These cells were not accepted to reduce the possibility that a ceiling effect might affect the interpretation of the results.
Measurements of spik e duration of TE A spik es. Single microelectrodes were used to record the duration of action potentials in the presence of TEA (100 mM) and nifedipine (10 M). To prevent eliciting trains of action potentials, we injected the negative current via a recording electrode, and we maintained the resting potential at approximately Ϫ65 mV. A pulse of 10 -15 nA (for 1.5 msec) was injected every 1 min to elicit an action potential. The duration of the TEA spikes was measured as the time between the peak of action potentials and 50% of the peak amplitude of the spike (Jarrard et al., 1993) .
Anal ysis of electrophysiolog ical data. Action potentials elicited in the sensory neuron were digitized on-line with a microcomputer and stored for later display and analysis. In each preparation data were normalized to the mean of three baseline measures of excitability or spike duration spikes before application of agents (i.e., the three measurements obtained immediately after the cell was penetrated with the microelectrode). T wo-tailed statistics were used; p values Ͻ0.05 were considered significant.
Measurements of cA MP concentrations in sensor y neurons. Similar techniques were used as those described in and Sweatt et al. (1989) . A cluster of ϳ200 sensory neuron somata was isolated surgically from a pleural ganglion by undercutting the somata with iridectomy scissors. Each isolated sensory cluster was equilibrated for 1 hr in a microcentrif uge tube containing 40 l of ASW. (In some experimental groups ASW also contained 3 M PDAc or ␣-phorbols.) In all experiments the isolated clusters then were exposed to the phosphodiesterase inhibitor RO 20 -1724 (100 M; Biomol, Plymouth Meeting, PA) 3 min before the clusters were homogenized (see below). At 1 min after the application of RO 20 -1724 (i.e., 2 min before the clusters were homogenized) either 5-HT (final concentration of 40 M) or ASW was added to the tube.
The cAM P content of sensory neuron clusters was analyzed by radioimmunoassay, using a kit (Amersham, Arlington Heights, IL). At 2 min after exposure to experimental protocol (i.e., exposure to either 40 M 5-HT or ASW), ice-cold trichloroacetic acid (J. T. Baker, Phillipsburg, NJ) was added to the solution (final concentration was 10% w/ v) containing the cluster of sensory neurons. Tissue was homogenized with a blue color pestle (Contes), and the supernatant was assayed for cAM P content. The protein content of both of the sensory neuron clusters was analyzed by bicinchoninic acid assays (Brown et al., 1989) . Precipitated samples were added to 50 l of 5% (v/ v) SDS and 0.1 M NaOH. After the addition of the reagents (Pierce, Rockford, IL), sample fluorescence was determined on a spectrofluorometer.
Because a single Apl ysia has two symmetrical clusters of sensory neurons, each animal served as its own control, and a two-tailed t test for nonindependent groups was used to analyze the data.
RESULTS

Activation of PKC increased excitability and attenuated 5-HT-induced enhancement of excitability in the sensory neuron
We first repeated the experiment reported in Sugita et al. (1992) and confirmed the results. In the present experiment we used two active derivatives of phorbol, DPB (3 M) and PDAc (3 M). Application of PDAc (n ϭ 7) or DPB (n ϭ 6) induced a gradual increase in excitability, which reached a peak in 9 min (at 9 min PDAc was 175 Ϯ 14% of baseline; DPB was 194 Ϯ 21%) (Figs. 1 A, 2A), whereas inactive phorbol ester, ␣-phorbols (3 M; n ϭ 6), had little effect (123 Ϯ 9%) (Figs. 1 B, 2A) . A one-way ANOVA, which compared the effects of PDAc, DPB, and ␣-phorbols on excitability, revealed that there was a significant difference among agents at 9 min after application (F (2,16) ϭ 5.55; p Ͻ 0.02). Post hoc analysis with Tukey tests indicated that there was a significant difference between DPB and ␣-phorbol (q (16,3) ϭ 4.54; p Ͻ 0.02) and that there was no significant difference between PDAc and DPB (q (16,3) ϭ 1.29). Although in this series of experiments the difference between PDAc and ␣-phorbols did not reach a significant level (q (16,3) ϭ 3.44; p ϭ 0.067), a previous experiment found a significant difference between the two (see Sugita et al., 1992) . Thus, activators of PKC induced an increase in excitability.
The interaction between PKC-and 5-HT-induced enhancement of excitability was examined also. Serotonin (10 M) was added to the bath, which already contained one type of phorbol esters, for 27 min (DPB) or 30 min (PDAc and ␣-phorbols). The 5-HT-induced enhancement of excitability was significantly attenuated by the preexposures to PDAc or DPB, when compared with the effect of 5-HT after ␣-phorbols (3 min after application of 5-HT, PDAc was 269 Ϯ 28% of baseline; DPB was 248 Ϯ 42%; ␣-phorbols were 490 Ϯ 58%) (Figs. 1, 2 B) . A one-way ANOVA, Figure 1 . Interaction between PDAc-and 5-HT-induced enhancement of excitability. A, E xcitability was measured before and 9 min after the application of PDAc (3 M) and 3 min after the addition of 5-HT (10 M) to the bath, which already contained PDAc, for 30 min. B, Excitability was examined before and 9 min after the application of ␣-phorbols (3 M) andwhich compared the effects of PDAc (n ϭ 7), DPB (n ϭ 5), and ␣-phorbols (n ϭ 6) on 5-HT-induced enhancement of excitability, indicated that there was a significant difference among agents (F (2,15) ϭ 7.03; p Ͻ 0.01). Post hoc analysis with Tukey tests indicated that there was a significant difference between the active phorbols and inactive phorbols (PDAc versus ␣-phorbol, q (15,3) ϭ 5.02, p Ͻ 0.01; DPB versus ␣-phorbol, q (15,3) ϭ 4.02, p Ͻ 0.05) and that there was no significant difference between PDAc and DPB (q (15,3) ϭ 0.62). Thus PKC activators significantly inhibited 5-HT-induced increases in excitability, a well known cAM P-dependent effect (K lein et al., 1986; Baxter and Byrne, 1990a) .
Because these experiments were conducted by using surgically isolated clusters of sensory neuron somata, it is unlikely that the observed effects on the sensory neurons by phorbol esters and 5-HT were attributable to the activation of polysynaptic pathways. Instead, the effects of phorbol esters and 5-HT were likely to be direct effects on the sensory neurons.
Preincubation with activators of PKC inhibited 5-HTinduced enhancement of excitability
We next focused on the inhibitory effects of active phorbol esters on 5-HT-induced enhancement of excitability. The inhibitory effects of active phorbols might be attributable to the deterioration of the cell by prolonged recording in the presence of activators of PKC. To exclude such possibilities, we reexamined the effects of phorbol esters under preincubation conditions. Specifically, sensory neurons were preincubated with PDAc (3 M, n ϭ 10) or ␣-phorbols (3 M, n ϭ 8) at least 30 min before implementation and recording began. Under this protocol 5-HT-induced (10 M) enhancement of excitability at 2 min after the application of 5-HT was inhibited by preincubation with PDAc when compared with ␣-phorbols (PDAc, 159 Ϯ 18% of baseline; ␣-phorbol, 490 Ϯ 54%; t 16 ϭ 6.35; p Ͻ 0.001) (Fig. 3). [The 5-HT-induced increase in excitability in the presence of ␣-phorbols was very similar to that reported previously (Sugita et al., 1992) ]. This result suggests that inhibitory effects of PDAc and DPB on the 5-HT-induced enhancement of excitability (Fig. 2 B) were not attributable to deterioration of the cell by prolonged recording in the presence of PKC activators. Interestingly, the subsequent addition of 8-bromo-cAMP (5 mM, n ϭ 7) to the bath, which already contained both 5-HT and PDAc, increased the excitability (from 138 Ϯ 17% to 306 Ϯ 70%) (Fig. 3) . Thus, the prolonged activation of PKC may inhibit 5-HT-induced enhancement of excitability at a locus upstream of cAMP.
To gain more insights into the molecular locus of inhibition, we also examined the effects of preincubation with PDAc on 8-bromo-cAMP-and SCP B -induced enhancement of excitability. SCP B increases the concentration of cAMP in the sensory neurons, presumably via the interaction of G s -coupled receptors that are different from 5-HT receptors (Abrams et al., 1984; Jarrard et al., 1993) . The concentration of SCP B (20 M) was chosen so as to induce an increase in the level of cAMP that would be comparable to that induced by 10 M 5-HT (Ocorr et al., 1985; Jarrard et al., 1993) . We found that PDAc significantly inhibited both 8-bromo-cAMP-induced (5 mM) and SCP Binduced enhancement of excitability. (At 11 min after cAMP application, PDAc was 253 Ϯ 21% of baseline; ␣-phorbol was 394 Ϯ 45%; t 16 ϭ 2.68; p Ͻ 0.05. At 2 min after SCP B application, Figure 2 . PKC activators induced a small increase in excitability and significantly attenuated 5-HT-induced enhancement of excitability. A, The summary data of the effects of PDAc (n ϭ 7), DPB (n ϭ 6), and ␣-phorbols (n ϭ 6) on excitability. At 9 min after application, PDAc and DPB caused an increase in excitability, whereas ␣-phorbols had little effect on excitability. B, Prolonged exposure (27-30 min) to PDAc (n ϭ 7) and DPB (n ϭ 5) significantly attenuated 5-HT-induced excitability, when compared with ␣-phorbols. ␣-Phorbols did not appear to affect 5-HTinduced enhancement of excitability (see Sugita et al., 1992) . PDAc was 343 Ϯ 35% of baseline; ␣-phorbol was 522 Ϯ 48%; t 14 ϭ 3.02; p Ͻ 0.01.) Thus, prolonged activation of PKC attenuated three independent methods of activating the cAMPdependent cascade. Moreover, the results suggest that at least some of the inhibition is at a site or sites downstream of cAMP. Possible sites and mechanisms for this attenuation are presented in Discussion. The results, however, also indicated that PKC inhibited the effects of 5-HT more profoundly (82%) than the effects of 8-bromo-cAM P (48%) and SC P B (43%), suggesting specific attenuation of aspects of the 5-HT activation of the cAM P/ PK A cascade.
Preincubation with activators of PKC inhibited 5-HTinduced broadening of TEA spikes but did not inhibit cAMP-induced or SCP B -induced broadening
Another well characterized cAM P-mediated action of 5-HT is broadening of TEA spikes (Jarrard et al., 1993 ). Thus we measured the duration of action potentials in the presence of high concentrations of TEA (100 mM) and nifedipine (10 M). High TEA blocks most potassium currents, including the delayed K ϩ current (I K ,V ) and C a 2ϩ -dependent K ϩ current (I K ,C a ), but it does not block I K ,S (K lein et al., 1982; Shuster and Siegelbaum, 1987; Baxter and Byrne, 1989) . Nifedipine was used to block L-type Ca 2ϩ currents (Edmonds et al., 1990; Braha et al., 1993) . Under these conditions 5-HT-induced spike broadening is attributable primarily to the reduction of I K ,S (Jarrard et al., 1993) .
In preliminary experiments we found that TEA spikes were relatively unstable and that the duration of spikes gradually declined with time. This observation suggests that C a 2ϩ channels inactivate by repeated stimulation under the condition of prolonged spikes (K lein et al., 1980) . Therefore, we examined the effects of phorbol esters, using preincubation procedures. Preincubation with PDAc (n ϭ 11) for Ͼ30 min increased the duration of TEA spikes when compared with preincubation with ␣-phorbols (n ϭ 9; data not shown). This effect was statistically significant (average of three spikes was calculated in each cell; PDAc, 68.4 Ϯ 5.8 msec; ␣-phorbol, 50.7 Ϯ 3.9 msec; t 17 ϭ 2.32; p Ͻ 0.05). This observation is consistent with the observation that preincubation with PDAc increased excitability of the sensory neuron, possibly by a weak modulation of I K ,S (Sugita et al., 1994) (also see above). Regardless of the initial duration of the spikes, we found that preincubation with PDAc strongly inhibited 5-HTinduced broadening of TEA spikes (1 min after 5-HT application, PDAc was 117 Ϯ 8% of baseline; ␣-phorbol was 186 Ϯ 19%; t 17 ϭ 3.70; p Ͻ 0.01) (Fig. 4) . The inhibition by PDAc of 5-HTinduced broadening of TEA spikes was consistent with the attenuation by PDAc of 5-HT-induced enhancement of excitability (Figs. 2 B, 3) . These results support the hypothesis that activation of PKC inhibits 5-HT-induced modulation of I K ,S , a well known cAM P-dependent effect.
We also examined the effects of preincubation with PDAc on cAM P-induced broadening of TEA spikes. In this series of preparations as well, PDAc increased the duration of TEA spikes when compared with preincubation with ␣-phorbols. Preincubation with PDAc, however, did not inhibit 8-bromo-cAMPinduced (20 mM) broadening of TEA spikes (3 min after cAMP application, PDAc was 217 Ϯ 27% of baseline; ␣-phorbol was 199 Ϯ 28%; t 9 ϭ 0.47) (Fig. 5) . Therefore, the inhibitory effects of PDAc on 5-HT-induced broadening of TEA spikes appear to be at the locus upstream of cAM P. In a few experiments we examined the effects of the cAM P analog and 5-HT on the same cells. An example is illustrated in Figure 5C . In this neuron the effect of 5-HT was blocked almost completely by the preincubation with PDAc. The addition of 8-bromo-cAMP to the bath, which already contained 5-HT (and PDAc), broadened the spike. SCP B , like 5-HT, increases the duration of TEA spikes (Abrams et al., 1984; Pieroni and Byrne, 1992) . Therefore, the effects of PDAc on SCP B -induced broadening of TEA spikes were examined also. We found that PDAc did not inhibit SCP Binduced broadening of the TEA spikes significantly (1 min after SCP B application, PDAc was 203 Ϯ 13%; ␣-phorbol was 235 Ϯ 16%; t 12 ϭ 1.53) (Fig. 6) . If we assume that SCP B and 5-HT increase the level of cAMP via a common or similar intracellular machinery but via different receptors, at least one locus of the inhibitory effects of PDAc on 5-HT-induced broadening of TEA spikes may be at the receptor level. To investigate this possibility, we examined biochemically the effects of prolonged activation of PKC by PDAc on the levels of cAMP and on 5-HT-induced increases in the level of cAMP.
Prolonged incubation with PDAc increased levels of cAMP but did not attenuate 5-HT-induced increase in the level of cAMP
The experiments were conducted in the presence of RO 20 -1724 (100 M), an inhibitor of phosphodiesterase. First, we repeated previous experiments (Ocorr and Byrne, 1985; Sweatt and Kandel, 1989 ) that examined the ability of 5-HT to increase the cAMP content of sensory neurons involved in tail withdrawal, and we confirmed their results. Higher concentrations of 5-HT were used in the biochemical experiments than in the electrophysiological ones, because the sensitivity of the methods was relatively low (see Ocorr and Byrne, 1985; Sweatt and Kandel, 1989) . Bath application of 5-HT (40 M) to isolated clusters for 2 min resulted in a significant elevation of levels of cAMP (5-HT, 62.4 Ϯ 5.6 pmol /mg, n ϭ 12; control, 38.6 Ϯ 2.4 pmol/mg, n ϭ 12; two-tailed paired t test, t 11 ϭ 5.13; p Ͻ 0.001).
We also examined effects of the prolonged (1 hr) activation of PKC by PDAc on the level of cAM P. Preincubation with PDAc (3 M) significantly increased cAM P levels, as compared with preincubation with ␣-phorbols (PDAc, 43.1 Ϯ 6.5 pmol /mg, n ϭ 12; ␣-phorbols, 31.2 Ϯ 2.8 pmol /mg, n ϭ 12; t 11 ϭ 2.71; p Ͻ 0.05) (Fig. 7A) . Thus PKC -induced increases in excitability may be attributable to an increase in the level of cAM P.
Finally, the effects of prolonged activation of PKC on the ability of 5-HT to stimulate synthesis of cAM P were examined. Two groups of sensory neuron clusters were examined. In one group (the 5-HT alone group), 5-HT was added to clusters that had equilibrated for 1 hr in ASW (see Materials and Methods). In a second group (the PDAcϩ5-HT group), 5-HT was added to clusters that had equilibrated for 1 hr in ASW containing 3 M PDAc. Both the 5-HT alone and PDAcϩ5-HT groups had matched control clusters that were equilibrated for 1 hr in ASW or ASW plus PDAc, respectively. The matched control clusters did not receive 5-HT, however. The levels of cAM P in the 5-HT alone and PDAcϩ5-HT groups were expressed as percentage increases above their matched controls. In both groups application of 5-HT (40 M) for 2 min resulted in increased levels of cAM P (Fig. 7B) . There was no significant difference between the two groups (5-HT alone, 162.2 Ϯ 12% above control, n ϭ 12; PDAcϩ5-HT, 156.9 Ϯ 21.9% above control, n ϭ 12; two-tailed unpaired t test, t 11 ϭ 0.9). Thus, prolonged activation of PKC did not attenuate 5-HT-induced increases in cAMP levels, which suggested that phorbol esters did not inhibit the actions of 5-HT at the receptor level.
DISCUSSION
Interaction between PKA and PKC cascades
Although extensive work has been conducted to elucidate second messenger/protein kinase cascades involved in serotonergic modulation of the sensory neuron of Aplysia, little is known about the interaction between these cascades. Previously, it was suggested that the cAMP/PKA cascade was necessary for the 5-HTinduced activation of the PKC pathway (Goldsmith and Abrams, 1991) . Goldsmith and Abrams (1991) reported that 9-(tetrahydro-2-furyl)adenine (TFHA; an inhibitor of adenylyl cyclase) inhibited 5-HT-induced facilitation of depressed synapses, an effect believed to be dependent on PKC (Braha et al., 1990; Ghirardi et al., 1992) . The suggested serial interaction of cAMP/PKA and PKC, however, seems to contradict several recent findings that 5-HT-induced PKC-dependent effects are not inhibited by cAMP antagonists. For example, 5-HT-induced increases in spontaneous miniature EPSPs or 5-HT-induced increases in nifedipinesensitive Ca 2ϩ current were not blocked by a cAMP antagonist Rp-cAMP but were blocked by inhibitors of PKC (Ghirardi et al., 1992; Braha et al., 1993) . Therefore, it is questionable whether 5-HT-induced activation of PKC pathways requires the activation of PKA. Biochemical evidence that translocation of PKC is not induced by cAMP analogs also suggests that these two pathways are in parallel (Sacktor and Schwartz, 1990) . Thus, the two second messenger/protein kinase cascades activated by 5-HT have been considered to be parallel or independent.
The present study raises a possibility of crosstalk between these two cascades, however. Previous studies have illustrated that a PKC cascade can interact with a cAMP/PKA cascade at several loci, including at the level of the adenylyl cyclase (Bell et al., 1985; Choi et al., 1993; Jacobowitz et al., 1993; L ustig et al., 1993; Yoshimura and Cooper, 1993 ) (for review, see Pieroni et al., 1993; Cooper et al., 1995) and at the level of the receptor (Raymond, 1991; Leidenheimer et al., 1992; Dildy-Mayfield and Harris, 1994; Raymond and Olsen, 1994; Z hang et al., 1996) . Our observations support the hypothesis that one action of PKC in the sensory neuron is to elevate the level of cAM P (e.g., Fig. 7) , possibly via activation of adenylyl cyclase. Incubation with PDAc and DPB, activators of PKC, caused an increase in the excitability of the sensory neuron partially mimicking a well known cAMP effect. Similar increases in excitability by either short (5 min) or longer (90 min) exposure to phorbol esters recently were reported in cultured sensory neurons (Manseau et al., 1996) . Moreover, preincubation with PDAc increased the level of cAMP (Fig. 7A) .
We also found that PKC inhibited physiological actions of cAM P/ PK A cascades, and this inhibition consists of at least two components: a component that is specific to the 5-HT-mediated activation of the cAM P/ PK A pathway and a component that is common to three agents (5-HT, cAM P analog, SC P B ) that activate the PK A pathway. The presence of the inhibitory component specific to 5-HT was supported by our observation that preincubation with phorbol esters more profoundly attenuated 5-HTinduced increases in excitability than those induced by either 8-bromo-cAM P or SC P B and that preincubation with phorbol esters inhibited 5-HT-induced broadening of TEA spikes but had no effect on 8-bromo-cAM P-and SC P B -induced broadening of TEA spikes. Thus PKC appeared to inhibit the effects of 5-HT specifically at a locus upstream of cAMP. If we assume that the cAMP-dependent effects of 5-HT and SCP B are mediated via common or very similar intracellular pathways but different receptors (Abrams et al., 1984; Jarrard et al., 1993) , a possible locus of the inhibition by PKC of 5-HTinduced effects might be at the receptor level. Our results did not support an action at the receptor for 5-HT, however. At present the locus and mechanism for PKC-induced inhibition of the 5-HT/cAMP/PKA cascade are unknown. Interestingly, it is known that the ability of 5-HT to induce cAMP-dependent effects, including enhancement of excitability and closure of I K ,S and I K ,C a (Walsh and Byrne, 1989) , in the sensory neuron is decreased by the continuous presence of 5-HT (Sugita et al., 1992 ) (also Fig. 3B in this study) or repeated application of 5-HT (Walsh and Byrne, 1989) . It would be interesting to examine whether PKC contributes to this phenomenon.
Preincubation with phorbol esters inhibited not only 5-HTinduced enhancement of excitability but also 8-bromo-cAMPand SCP B -induced enhancement of excitability, although the inhibition of the 5-HT-induced effect is more profound. This result suggests the existence of another locus of inhibition at which PKC inhibits the enhancement of excitability by 5-HT, 8-bromo-cAMP, and SCP B via common mechanisms and that this locus lies at downstream of cAMP. One possible mechanism is the interaction between PKC-and PKA-induced modulation of ionic conductances. It is known that I K ,S plays an important role in regulating excitability and that cAMP/PKA-dependent reduction of I K ,S is the key component underlying 5-HT-, SCP B -, or 8-bromo-cAMP-induced enhancement of excitability (Klein et al., 1986; Byrne, 1989, 1990a) . Other currents, including I K ,C a and I K ,V , also contribute to the regulation of excitability, however (Baxter and Byrne, 1990b; Canavier et al., 1991) . Previous work in our laboratory found that PKC increased I K ,C a (Critz and Byrne, 1992) and modulated I K ,V (Sugita et al., 1994) . The modulation of I K ,V by PKC is complex and leads to a slowing of both activation and inactivation kinetics. Computer simulation studies suggested that both increases in I K ,C a and modulation of I K ,V can attenuate the enhancement of excitability, which is mediated via reduction of I K ,S (Baxter and Byrne, 1990b; C anavier et al., 1991) . Thus, we propose that attenuation of 8-bromo-cAM P-and SC P B -(as well as portions of 5-HT-) induced enhancement of excitability by phorbol esters is attributable to the PKC -dependent modulation of I K ,C a and I K ,V . Interestingly, phorbol esters did not inhibit 8-bromo-cAM P-and SC P B -induced broadening of TEA spikes (Figs. 5, 6 ). This lack of inhibition was likely to result from the high concentrations of TEA, which block I K ,C a and I K ,V and thereby exclude the effects of PKC -dependent of modulation of these currents from the measurements.
Contributions of PKC to the formation of long-term memory
Recently, it was suggested that a prolonged (90 min) application of 5-HT, a protocol to induce long-term facilitation, led to the activation of two major subspecies of PKC in Apl ysia (ApPKC I and II) (Kruger et al., 1991) for 30 min after treatment (Sossin et al., 1994) . In addition, ApPKC I remained active for 2 hr after treatment. Thus, prolonged activation of PKC (similar to that examined in the present study) appears to be a physiologically relevant mode of activity. Moreover, biochemical studies suggest that prolonged activation of PKC may be involved in long-term facilitatory actions of 5-HT that are mediated primarily by the PK A cascade Byrne, 1987, 1988; Schacher et al., 1988 Schacher et al., , 1993 Dash et al., 1990; Nazif et al., 1991; Ghirardi et al., 1995; O'Leary et al., 1995) . An inhibitor of PKC, H-7, blocked 5-HT-induced long-term facilitation, whereas activators of PKC alone were not sufficient to induced long-term changes (Wu et al., 1994 (Wu et al., , 1995 . The mechanisms by which the prolonged activation of PKC is involved in long-term facilitation are not clear at present, however. Our results suggest that prolonged activation of PKC by 5-HT may contribute to the maintenance of high concentrations of cAM P, although such evidence has not been obtained yet (see also Bernier et al., 1982) . Additional work is necessary to test this hypothesis. In addition, it is not clear whether our observation that prolonged activation of PKC inhibits the 5-HT-induced activation of PK A pathway is related to the formation of long-term memory. Recently, the presence of a novel stage in transition between short-and long-term memory was suggested, and at this stage 5-HT-induced immediate facilitatory action is suppressed (Ghirardi et al., 1995) . It would be interesting to investigate how the PKC -mediated inhibition of 5-HT-induced activation of PK A pathway is related to the suppression of 5-HT-induced immediate facilitatory action at the stage in transition between short-and long-term memory.
